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Abstract 
Genetically hypertensive rats are excellent animal models for investigating putative Na+/K+-ATPase alterations associated with the 
disease. Highly purified Na+/K+-ATPase preparations from these animals have not yet been examined. Na+/K+-ATPases of two strains 
of spontaneously hypertensive rats, the Milan hypertensive strain (MHS) and the spontaneously hypertensive rat (SHR) were 
characterized in comparison with enzymes isolated from their matched normotensive controls; the sensitivity to Na ions as well as the 
shape and span of the inhibition curves for ouabain and mercury of the isolated Na+/K+-ATPases were compared. No functional changes 
between the purified ‘normotensive’ and ‘hypertensive’ Na+/K+-ATPases from brain and kidney were detected ruling out drastic 
structural alterations of the transport system in these two organs of diseased animals. 
Keywords: Spontaneous hypertension; Isolated Na+/K+-A’IT’ase; Sodium; Ouabain; Mercury; (Hypertensive rat); (Brain); (Kidney) 
The Na+/K+-ATPase (NKA; EC 3.6.1.37) or sodium 
pump extrudes three Na ions from the cell in exchange of 
two K ions at the expense of one ATP molecule; a 
functional unit is composed of a 110 kDa a-subunit and a 
50-60 kDa glycosylated P-subunit [l-3]. The system 
establishes and maintains the transmembrane Na/K-gradi- 
ent and the vital intracellular high K/Na ratio; it is 
responsible also for the transepithelial Na-transport and 
plays a crucial role in renal Na-reabsorption, mainly in the 
thick ascending tube of Henle part of the nephron [4]. It is 
therefore not surprising that alterations of the NKA system 
have often been suspected to be involved in the pathogene- 
sis of low-renin hypertension [5-111. 
The NKA system contains also a receptor for cardioac- 
tive steroids such as ouabain and digoxin which block all 
ion-transport and ATPase activity upon binding [12-151. 
NKA inhibitors have been detected in man and animals 
and have been extracted from plasma, adrenal glands, 
hypothalamus and from other tissues and body fluids 
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[16-201. There appear to be two classes of inhibitors, one 
resembling ouabain [16-201 and one with properties differ- 
ent from ouabain [21-241. The endogenous inhibitors ap- 
pear to have a link with hypertension since increased 
concentrations are detected, for instance, in the plasma of 
volume-expanded persons [20] or in the brains of geneti- 
cally hypertensive rats 1251. Reduced sensitivity of renal 
NKA to inhibitors, for instance, or enhanced sensitivity to 
sodium ions could account for excessive renal Na absorp- 
tion associated with low-renin hypertension. 
In the present study NKA preparations isolated form 
spontaneously hypertensive rats (which develop hyper- 
tension independently of salt administration) were com- 
pared. Milan hypertensive rats (MHS) and spontaneously 
hypertensive rats (SHR), together with their matched nor- 
motensive control animals, MNS and WKY, were used 
since highly purified NKA preparations from these animals 
have not yet been probed for functional alterations. Inhibi- 
tion of NKA activity by ouabain and mercury was exam- 
ined since these two compounds appear to mimic the 
inhibitory action mechanism of the two distinct classes of 
putative hormone-like inhibitors [26]. The shape and the 
span of the ouabain and mercury inhibition curves were 
equal for ‘normotensive’ and for ‘hypertensive’ NKAs. 
Furthermore, Na ions activated the ‘normotensive’ and the 
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‘hypertensive’ enzymes with equal potency, ruling out 
profoundly altered Na affinity of NKA from hypertensive 
animals. 
Six SHR and six WKY male rats, 12-week-old and of 
about 200 g weight were obtained from Iffa Credo, Lyon, 
France. Their systolic blood pressure was around 120 
mmHg in WKY and 220 mmHg in SHR as measured by 
an Electra-Sphygmograph P.E. 300 NARCO; 16 MHS and 
16 MNS rats, lo- to lCweek-old were a kind gift of Prof. 
Giuseppe Bianchi, Milan; their weight ranged from 250 to 
380 g. The systolic arterial pressure ranged from 120 to 
140 mmHg in the normotensive rats and from 160 to 180 
mmHg in the hypertensive rats as determined in Milan 
before departure of the rats for Geneva by the indirect 
tailcuff method. Outbred Wistar rats and rabbits were 
obtained form the local animalhouse. Bovine hypothalami 
were obtained from Pel-Freeze (Lausanne, Switzerland). 
Finely dissected brain, hypothalamic, renal medulla or 
cortex tissues were homogenized in a glass potter contain- 
ing ice-cold ‘microsome solution’ (250 mM sucrose, 30 
mM histidine, 1 mM EDTA, pH 7.21, and centrifuged for 
15 min at 6000 X g; the supematant was removed, the 
pellet resuspended in the same solution and centrifuged for 
25 min at 6000 X g, the two supematants containing the 
microsomes were combined and recovered as a pellet after 
a 30 min centrifugation at 48 000 X g; 5 to 10 mg microso- 
mal protein was suspended in 1 ml microsome solution 
[27]. For NKA purification [28], 11.2 mg of microsomal 
protein (1.6 mg/ml) in 7 ml of 3 mM Na,ATP, 25 mM 
imidazole, 1 mM Tris-EDTA, 2-3 mM lithium dodecyl- 
sulfate for 20 min at 25°C. The solution was then layered 
on 4 ml 15% sucrose, 16 ml 25% sucrose, 25 mM imida- 
zole, 1 mM Tris-EDTA (EDTA neutralized with Tris), pH 
7.5, 0°C and centrifuged for 110 min at 250000 X g. The 
pellet was suspended in 0.5 ml 1% sucrose, 25 mM 
imidazole, 1 mM Tris-EDTA, pH 7.5 and the protein 
measured according to the bincinchoninic acid procedures 
[291. 
The linked-enzyme assay [30] was used for the continu- 
ous determination of the NKA activity: 0.5 to 20 Fg NKA 
protein was added to 1 ml of 0.3 mM NADH, 2.5 mM 
phosphoenolpyruvate, 30 mM imidazole, 1 mM Tris- 
EDTA, 2.5 mM Tris-ATP, 5 mM MgC12, O-100 mM 
NaCl, 10 mM KCl, 8 ~1 pyruvate kinase/lactate dehydro- 
genase suspension (Boehringer, Rotkreuz, Switzerland), 
pH 7.2. The rate of NADH oxidation was recorded at 340 
nm in the automated enzyme kinetic accessory of a Philips 
Unicam SP1800 spectrophotometer with or without the 
presence of inhibitors. Control experiments showed that 
isotonic substitution of Na ions by choline was not re- 
quired. 
For analysis of the preparations by gel electrophoresis 
5-10 pg NKA protein was incubated in 10 ~1 of 125 mM 
Tris (pH 6.8 with HCl), 3 M glycerol (20%, v/v>, 147 
mM Li-dodecylsulfate, 574 mM 2-mercaptoethanol were 
added, the solution was incubated for 30 min at 60°C and 
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Fig. 1. Protein profiles of the NKA preparations from normo- and 
hypertensive animals compared in the present work. The enzymes were 
isolated and separated by gel electrophoresis as described in the text. The 
13 lanes contain 5 to 10 pg protein of the following preparations: (St) 
high molecular weight standards, (St) low molecular standards, (1) NKA 
from renal outer medulla of outbred Wistar rats, (2) NKA from renal 
outer medulla of MNS, (3) NKA of renal outer medulla from MHS, (4) 
NKA from renal cortex of MNS, (5) NKA from renal cotex of MHS, (6) 
NKA from renal outer medulla of WKY, (7) NKA from renal outer 
medulla of SHR, (8) NKA from bovine hypothalamus, (9) NKA from 
renal outer medulla of rabbit, (10) NKA from MNS brain, (11) NKA 
from MHS brain. 
then transferred to 6-15% gradient gels (80 X 70 X 0.75 
mm). Electrophoresis was performed in 25 mM Tris (pH 
8.31, 192 mM glycine and 37 mM Li-dodecylsulfate for 75 
min with about 20 mA per gel. The gels were then 
coloured for 60 min in 0.6 mM Coomassie Brilliant Blue 
in H,O/methanol/acetic acid (45:45:10). Destaining was 
performed overnight at room temperature in 
H,O/methanol/acetic acid (87.5:5:7.5). The gels were 
then incubated in methanol for 5 min to remove back- 
ground coloration and then again in destaining solution 
until they took their original dimension. The apparent 
molecular masses of the CY and /3 subunits of the pure 
preparations from rat and rabbit renal outer medulla were 
estimated by comparing their migration distance to molec- 
ular mass standards (14.1-200 kDa) and were found be- 
tween 94-98 kDa for the (Y subunit and 50-60 kDa for 
the /3 subunit. 
The protein profiles of the isolated NKA preparations 
are shown in Fig. 1. The NKA preparation from the outer 
medulla of the rabbit and the outbred rat is constituted 
essentially by the (Y and by the /3 subunit are shown in 
lanes 1 and 9 whereas a band with higher molecular 
weight migrates above the (Y subunit in the outbred rat 
(lane 1). This band appears more pronounced in the en- 
zymes of inbred animals (lanes 3-7) and has been shown 
to contain a-l protein by immunoblotting ([31], Benallal, 
M. and Anner, B.M., unpublished results) perhaps in a 
dimer form. The (Y subunit of the brain preparations (lanes 
8, 10, 11) show delayed migration in agreement with 
previous reports [l]; however, the three cr isoforms occur- 
ring in brain are not separated by our gel system. 
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The mercury-sensitivities of NKA preparations isolated 
from normo- and hypertensive rats were compared. No 
difference was observed between enzymes originating from 
the renal outer medulla of SHR and WKY rats, MHS and 
MNS rats (Fig. 2A, B); from the renal cortex of MHS and 
MNS rats (Fig. 2C); from the brains of MHS and MNS 
rats, or from the bovine hypothalamus (Fig. 2D). Bovine 
hypothalamus NKA was isolated and tested since this 
tissue is a rich source of an endogenous inhibitor which, as 
mercury, inhibits ouabain-resistant enzymes (Anner, B.M. 
and Haupert, G.T., unpublished data) and we had specu- 
lated that the releasing tissue might be resistant to the 
mercury-type of inhibition [22]. However, the hypothala- 
mic NKA was highly mercury sensitive. Within a 30 min 
incubation period at 37°C the renal NKA from the com- 
mon outbred Wistar rat was blocked with an IC,, of 200 
nM; the renal enzyme of SHR or WKY rats with and IC.50 
of 500 nM; whereas the IC,, for the Milan rats was about 
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Fig. 2. Superimposable mercury-inhibition curves of NKAs from nor- 
motensive and hypertensive rats. The enzymatic activity of NIL4 was 
measured by the linked enzyme-assay as described in the text and shown 
in Fig. 2. To preparations isolated from the renal outer medulla of (A) 
WKY (0) and SHR (0) rats, (B) MNS (0) and MHS (0) rats, from 
the (C) renal cortex of MNS (0) and MHS (01, and from (D) brains of 
MNS (0) and MHS (0) rats, increasing conentrations of HgCl, were 
added directly to the cuvette and the inhibition determined as percentage 
of control when a linear rate was obtained. To rule out interference of 
HgCl, with the linked-enzyme system, HgCl, was added to the incuba- 
tion solution and the efficiency of the linked-enzyme system was con- 
trolled by adding ADP and calibrating the NADH oxidation. The test-sys- 
tem was not altered by HgCl, concentrations up to 50 PM. Typical 
experiments are shown; each experimental point present mean of dupli- 
cate measurements. 
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Fig. 3. Superimposable ouabain-inhibition curves of NKAs from nor- 
motensive and hypertensive rats. The NKA activity of enzyme prepara- 
tions, isolated from (A) the renal outer medulla of rabbit (0) or outbred 
Wistar rat (O), from the outer renal medulla of (B) WKY (01, SHR 
(O), (C) MNS (01, MHS (0) rats, (D) from the renal cortex of MNS 
(0) and MHS (0) rats, and from (E) brains of MNS (0) and MHS (0) 
rats was determined by the linked-enzyme assay as described for Fig. 2. 
Increasing concentrations of ouabain were added from a 10 mM stock 
solution directly to the cuvette and the inhibition of the enzyme activity 
determined when a linear rate was reached, i.e., within 5 to 30 min, 
depending on the ouabain concentration. Values are averages of 2 to 6 
measurements + S.E. 
90 nM HgCl,. Thus, the NKA of various rat strains 
respond to mercury in distinct manners. The variability of 
the mercury sensitivity among rat strains is reminiscent of 
the well described genetic control of the susceptibility of 
inbred rat strains to mercury-induced immune nephritis 
[321. 
Fig. 3A shows the distinct ouabain sensitivity of NKAs 
purified from the outer medulla of rat and rabbit kidneys. 
The rat enzyme is relatively resistant to ouabain with a 
half-maximal inhibitory constant of 100 PM, in contrast to 
the rabbit enzyme which is half-maximally blocked at 1 
PM ouabain. No difference in the ouabain-sensitivity was 
detected either between renal enzymes isolated from spon- 
taneously hypertensive rats and their normotensive con- 
trols, or between enzymes isolated from the outer medulla 
and cortex of MHS or MNS rats (Fig. 3B-D). similarly, 
the ouabain-sensitivity of NKA isolated from the brain of 
MHS and MNS rats was equal (Fig. 3E). 
98 B.M. Anner et al. / Biochimica et Biophysics Acta 1270 (1995) 95-99 
The activation of the NKA activity by Na ions of 
enzymes isolated from the outer medulla of SHR and 
WKY rats was compared. Aliquots of 1 to 20 pg enzyme 
were added to 1 ml solution for the enzyme-linked assay 
containing saturating concentrations of K, Mg and ATP 
and 1, 2.5, 5.0, 7.5, 10, 25, 50, 75 and 100 mM Na. High 
amounts of protein were added at low Na (low ATPase 
activity) and low amounts at high Na to obtain reliable 
measurements of equal sensitivity. The linked enzyme 
assay was run in an accessory a spectrophotometer in 
which the optical density could be read in 4 cuvettes 
simultaneouslyand continuously. SHR and WKY enzymes 
were incubated in duplicates and their activity recorded at 
increasing Na concentrations. Both preparations were acti- 
vated in a strictly similar manner and their Na-activation 
curves were superimposable (not shown). Half-maximal 
activation was seen at 5 mM NaCl. Thus, the results reveal 
no anomaly in Na-sensitivity of NKA isolated from spon- 
taneously hypertensive SHR rats. Control experiments were 
run to evaluate osmotic effects due to the variable Na 
concentrations by substituting Na by equimolar concentra- 
tions of choline but no influence of osmolarity was seen. 
Enzymes isolated from outer medulla of MHS and 
MNS rats were compared first at three different Na con- 
centrations: 5, 10 and 100 mM NaCl (100%). At 5 mM 
NaCl, the NKA activity was 25.4 f 3% (S.E.; n = 4) for 
MHS and 28.0 f 3% (S.E.; II = 4) for MNS, at 10 mM 
NaCl, the activities were 56.1 f 6% (S.E.; II = 4) for MHS 
and 56.2 + 4% (S.E.; n = 41, i.e., no difference could be 
detected. We then elaborated a direct assay for comparing 
the Na-sensitivity of ‘normotensive’ and ‘hypertensive’ 
NKA preparations: The protein concentration of each 
preparation was adjusted to yield equal enzyme activity in 
the cuvettes. To 2 cuvettes containing Na-free incubation 
solution, MHS enzyme was added and to 2 cuvettes MNS 
enzyme. After recording the activity in the absence of 
NaCl, increasing Na concentrations were added from a 
concentrated stock solution directly to all 4 cuvettes and 
the increasing slopes were recorded for 7-10 min. In 
agreement with the results mentioned above obtained by 
measurements in solutions prepared with various NaCl 
concentrations in separate cuvettes, no differences in the 
activity of MHS and the MNS enzymes appeared using the 
continuous parallel measurements (Fig. 4). 
In conclusion, no differences were detected between the 
sensitivity to Na ions, mercury or ouabain of highly puri- 
fied NKA from brain or kidney of spontaneously hyperten- 
sive and normotensive rats. The dose-effect curves mer- 
cury were different from the ouabain inhibition curves: 
they were steeper and whole inhibition was reached by a 
ten-fold increase in concentration in contrast to ouabain 
which required an up to 105-fold augmentation of concen- 
tration to full block NKA activity. Interestingly, an in- 
hibitor extracted from bovine hypothalamus blocked NKA 
by a similar steep dose-effect curve [22]. There appear to 
be two distinct classes of endogenous NKA inhibitors, one 
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Fig. 4. Direct demonstration of equal Na-activation of highly purified 
NKA from the outer renal medulla of MNS and MHS rats. In preliminary 
experiments the protein concentration of MNS and MHS enzymes was 
adjusted to yield equal ATPase activity per ml incubation solution (about 
5 pg). To 2 cuvettes MNS enzyme and to 2 cuvettes MHS enzyme was 
added to Na-free incubation solution for linked enzyme-assay (composi- 
tion in text). To each cuvette, increasing NaCl conentrations were added 
from concentrated stock solutions. The measurements were performed as 
described in the text in an automated accessory of a spectrophotometer in 
which the optical density could be read in 4 cuvettes simultaneously. The 
time interval of the cuvette cycling system was set at 1 min; the 
recordings were redrawn and the 1 min recording points replaced by the 
symbols indicating MNS (--> or MHS c.....) enzyme. A typical experi- 
ment is shown which had been repeated three times with identical results. 
resembling ouabain with dose-effect curves reflecting neg- 
ative cooperativity and poor interaction with ouabain-re- 
sistant forms and a second class mimicking mercury with 
steep dose-effect curves and equal sensitivity for ouabain- 
sensitive and ouabain-resistant forms. The mercury-inhibi- 
tion curves of ‘normotensive’ and ‘hypertensive’ enzymes 
were superimposable, indicating that the metal-binding 
interface was identical. 
In summary, NKA isolated form normotensive and 
hypertensive animals interact identically with sodium and 
with compounds representative of two classes of NIL4 
inhibitors. Identical ouabain-inhibition curves for ‘normo- 
tensive’ and ‘hypertensive’ brain and kidney NKAs are 
relevant since duabain has been extracted and purified 
from human plasma [20] and proposed to be the ‘natriuretic 
hormone’, that is, the long-sought endogenous regulator of 
NKA. If the ‘natriuretic hormone’ does play a role in the 
pathogenesis of low-renin hypertension as postulated [5- 
11,17-201 and if it were a cardiac glycoside isomer as 
proposed [24], the same inhibition curves of NKA from 
hyper- and normotensive rat kidneys and brains observed 
in vitro could indicate that altered enzyme-hormone inter- 
action in these two organs of diseased animals in vivo is 
quite unlikely. We are, however, aware of the fact that 
observations made on isolated systems do not take into 
account possible altered regulatory factors (e.g., modified 
phosphorylation by proteinkinases) in the diseased ani- 
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mals. Nevertheless, it can be concluded from our data that 
no profound functional alterations (and hence no important 
structural changes) can be detected in NRA from brain and 
kidney of two strains of spontaneously hypertensive rats, 
an observation which, in turn, rules out that critical qualita- 
tive modifications of the pump protein expressed in the 
two examined organs are associated with the pathogenesis 
of genetically controlled spontaneous hypertension. 
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